The mechanisms involved in the construction of the icosahedral capsid of the African swine fever virus (ASFV) particle are not well understood at present.
INTRODUCTION
process of many other structural components are unknown. One of these structural proteins of unknown function is protein pB438L, encoded by gene B438L, which is expressed at late times post-infection (23). Protein pB438L is localized at the viral factory, but its precise localization in the virus particle has not been determined. In order to investigate the function of protein pB438L in ASFV morphogenesis, we have examined the consequences of repressing gene B438L on the virus morphogenetic process.
In this report, we show that protein pB438L is associated with membranes during the infection, behaving as an integral membrane protein. Using a recombinant ASFV that inducibly expresses protein pB438L, we have found that repression of the protein leads to the generation of aberrant tubular structures containing a capsid that, although composed of proteins p72 and pE120R, does not posses icosahedral morphology.
in the viral inducible promoter p72.I* the distance between the E. coli lac operator and the ASFV late promoter p72.4 is of 2 bp for a stronger repression of gene expression (24) . Plasmid pIND3 also contains the lacZ gene under the control of the strong late promoter p72, and two multiple cloning sites for the cloning of the target gene and the corresponding upstream and downstream flanking sequences.
To generate the intermediate plasmid, a DNA fragment of 738 bp, which contains the nucleotide sequence from position -12 to +722 relative to the translation initiation codon of the B438L gene, was obtained by PCR using the 
Generation of recombinant virus vB438Li.
Recombinant virus was generated essentially as previously described (34) found to be optimal for the production of the recombinant virus.
Plaque assay. Vero cell monolayers, in six-well plates, were infected with recombinant vB438Li or parental BA71V. After 2 h, the inoculum was removed and the cells were overlaid with DMEM containing 0.55% Noble Agar and 3% FCS in the presence or absence of 250 μM IPTG. Five days later, the medium was removed and the monolayers were stained with 1% crystal violet.
One-step virus growth curves. Vero cell monolayers, in 24-well plates, were infected with 5 PFU of recombinant vB438Li or parental BA71V per cell. After 2 h of adsorption, the cells were incubated in medium supplemented with 2% FCS.
IPTG (250 μM) was added, when indicated, immediately after the adsorption period. Infected cells with their culture supernatants were harvested at different free cocktail, Roche), and passed through a 25-gauge syringe 20 times. The homogenate was centrifuged at 750 X g for 5 min to sediment nuclei and unbroken cells, and the postnuclear supernatant was subsequently centrifuged at 100,000 X g for 15 min to separate the cytosolic and membrane/particulate fractions.
Membrane/particulate pellets were gently rinsed in homogeneization buffer prior to resuspension in the appropiate buffer.
Triton X-114 and sodium carbonate extraction of membranes.
Membrane/particulate cell fractions were treated with 2% Triton X-114 or sodium carbonate buffer (0.1 M sodium carbonate pH 11.3) as previously described (4). Reticulocyte Lysate System (Promega) in the presence or absence of canine pancreatic microsomal membranes (Promega). As a control, β-lactamase mRNA was translated in parallel. mM EGTA, pH 6.9 was added. Finally, the fixed cells were prepared for cryosectioning and immuno-labeling as previously described (25) . 
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RESULTS
Protein pB438L is a membrane-associated polypeptide that forms disulfide-linked oligomers. As mentioned in the Introduction, protein pB438L, a structural component of the ASFV particle, is localized at the virus assembly sites.
To determine more precisely its localization within the viral factory, ASFV-infected cells were collected at 20 hpi and subjected to subcellular fractionation as indicated under Materials and Methods, and the presence of protein pB438L in the cytosolic and membrane fractions was analyzed by Western blot using a specific antibody against the protein. As can be seen in Fig. 1A , protein pB438L is detected only in the membrane fraction. To examine the type of association of protein pB438L with membranes, the membrane fraction was incubated with 100 mM sodium carbonate, pH 11.3, a treatment that extracts peripherically associated proteins from membranes. As shown in Fig. 1A , pB438L remained associated to the membrane sediment after such treatment. When the membrane fraction was treated with Triton X-114 and subjected to a temperature-induced phase separation, protein pB438L partitioned entirely into the detergent phase (Fig. 1A) .
The results obtained with the sodium carbonate and Triton X-114 treatments indicate that protein pB438L behaves as an integral membrane protein. This finding was rather unexpected, since the protein lacks any putative transmembrane region (data not shown). Therefore, to investigate the intrinsic capacity of protein pB438L to associate with membranes, the protein was translated in vitro in the presence or in the absence of rough microsomal membranes and its presence in the membrane and soluble fractions, separated by centrifugation on a sucrose cushion, was determined after SDS-PAGE and autoradiography. As shown in Since certain ASFV membrane proteins, such as the structural components p54 and p12, form disulfide-bonded homodimers (9, 35), we examined the possibility that protein pB438L might also form oligomers in the virus particle. For this, highly purified virus samples, treated or not with DTT, were analyzed by
Western blot using the anti-pB438L antibody. As can be seen in Fig. 1C , a single band of 49 kDa corresponding to the monomeric pB438L protein was detected in the presence of DTT, while, in its absence, the intensity of the 49 kDa band was considerably decreased and three additional bands with molecular masses of 115 to 150 kDa were detected. In addition, a material of higher molecular weight was retained at the origin of the gel. These results indicate that protein pB438L is able to form disulfide-linked homo or heterooligomers in the virus particle.
Inducible expression of protein pB438L by recombinant virus vB438Li.
To investigate the possible role of protein pB438L in the virus morphogenetic process, we generated a recombinant ASFV, vB438Li, in which the expression of gene B438L is under the control of the E. coli lac operator/repressor system ( In a further approach, we studied the effect of pB438L repression on virus multiplication. Fig. 2D shows the one-step growth curves obtained under the different conditions. As can be seen, the virus titers of recombinant virus vB438Li under permissive conditions were essentially the same as those found with the parental BA71V. Under restrictive conditions, however, the vB438Li titers were significantly reduced, with a maximal difference of ca. 2 log units at 24 hpi. We also 
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Polyprotein processing is impaired in infections with recombinant
vB438Li under restrictive conditions. It has been previously shown that the proteolytic processing of the ASFV polyproteins pp220 and pp62, an essential process for the maturation of the viral core (2, 3, 5) , is inhibited under conditions that lead to alterations in the virus assembly process (3, 5, 35) . Since pB438L
protein is a structural component of the virus particle, it was possible that the defect in virus growth under restrictive conditions might be due to alterations in the morphogenetic process. We therefore determined the processing of the two viral polyproteins in cells infected with the recombinant vB438Li in the absence of the inducer. As can be seen in Fig. 3 , the processing of polyprotein pp220 to its mature products p150 and p37, as well as that of pp62 to its product p35, is inhibited under restrictive conditions, suggesting that the virus assembly pathway may be altered in the absence of pB438L protein expression. Immunofluorescence microscopy of cells infected with recombinant vB438Li virus. In a further approach to ascertain whether the ASFV assembly route is altered in the absence of pB438L, we examined by immunfluorescence microscopy the localization of several structural proteins, such as the capsid proteins p72 and pE120R and polyprotein pp62, in cells infected with the recombinant virus in the presence or in the absence of IPTG, using antibodies specific for these proteins. well as immature and mature viruses (Fig. 5A ). In the absence of IPTG, the assembly sites contained the precursor membranes but not mature icosahedral particles. Instead, numerous tubular structures with a length of 1 μm or more were found (Fig. 5B) . These large forms probably correspond to the filamentous structures detected by immunofluorescence microscopy. At higher magnification ( Fig. 5C and D) , it can be seen that these filiform particles, with a diameter of about 80 nm, contain a well defined and electrondense outer layer, as well as an inner layer reminiscent of the core shell of the normal particle and an apparent central channel with a diameter of about 25 nm. Frequently, the outer layer closes at least one of the ends of the tubules (Fig. 5C ).
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In addition to the filamentous forms, the viral factories contain, under restrictive conditions, aberrant forms with a bilobulate structure (Fig. 5B) . As shown in more detail in Fig. 5E , these bilobulate forms posses an outer layer that resembles the capsid and inner envelope of the normal particle, as well as an internal material similar to the core shell which is being constructed in a developing normal particle (Fig. 5F ).
These different abnormal structures, like the parental virus, are released from the cell by budding through the plasma membrane ( Fig. 6A-C) or are translocated, also by budding, into the lumen of intracellular vesicles (Fig. 6D) . probably represents a step immediately prior to the budding event itself (Fig. 6B ).
These observations suggest that the aberrant structures generated under restrictive conditions contain the viral proteins involved in the exit of the normal mature particle from the cell.
Protein composition of the filamentous particles determined by immunoelectron microscopy. As mentioned above, the domains of the aberrant filamentous particles are reminiscent of several domains of the mature viral particle, such as the capsid, the inner envelope and the core shell. To determine whether their protein composition is also similar to that of the mature virion, we analyzed by immunoelectron microscopy the presence in the aberrant tubules of several viral proteins that are markers of the domains of the normal particle. As can be seen in Fig. 7 , the antibody against the major capsid protein p72 strongly labeled the outermost layer of the tubules (Fig. 7A) , which also contain protein pE120R, another component of the normal viral capsid (Fig. 7B) . However, in the absence of protein pB438L, the capsid-like outer domain of the aberrant particles does not acquire the icosahedral morphology of the mature virus. On the other hand, the presence of protein pE120R in the outer layer of the filiform structures could be expected, since these structures can be transported from the viral factory to the plasma membrane (see Fig. 6A and C) and protein pE120R has been shown to the involved in this process (7).
We then analyzed whether protein p17, a component of the inner envelope of the virus particle (37) , is present in the abnormal structures. As shown in Fig. 7C , the anti-p17 antibody strongly labeled one of the outer domains of the tubules, suggesting that these structures contain, underneath the capsid, a membrane that
on December 21, 2017 by guest http://jvi.asm.org/ Downloaded from might be similar to the inner envelope of the normal virus. On the other hand, the inner domain of these structures contains the polyproteins pp220 and pp62, as
shown by the labeling with the corresponding antibodies ( Fig. 7D and E) .
Finally, we determined whether the filamentous particles contain the viral DNA, which is localized in the nucleoid of the normal virion. As could be expected from the observation that the aberrant forms are apparently devoid of this viral domain, the anti-DNA antibody did not label these forms, indicating that they are not able to incorporate the viral DNA, which is found forming dense clusters irregularly distributed throughout the factory (Fig. 7F) . 
DISCUSSION
Little is known at present about the mechanisms and protein interactions involved in the formation of the icosahedral capsid of the ASFV particle. As shown previously, capsid construction requires protein p72, the major structural component of this domain, as no virus particles are generated in its absence (24) .
The results presented here indicate that, in addition to protein p72, the ASFV structural protein pB438L plays also an essential role in the construction of the icosahedral capsid of the virus particle.
Large icosahedral viruses use identical or similarly folded proteins to establish different interactions while forming the capsid (41) . Using structural and bioinformatic analysis, a similar "double-barreled" fold has been identified in the major capsid protein of different viruses, such as Tectiviridae, Adenoviridae, Phycodnaviridae, Iridoviridae, Asfarviridae and Mimivirus (10-12, 26, 30, 44) . It has been suggested that this similarity might extend beyond the architecture of the major structural protein and that the assembly of the Tectivirus PRD1 capsid might be a scalable process that could apply to some of the largest known viruses (1, 44) . In PRD1, the major component of the capsid is protein P3. Each P3 subunit is composed of two "jelly roll" domains (11, 12) , giving the trimer a pseudo-hexagonal shape. Another necessary protein for capsid assembly is protein P30 that is proposed to be located between the adjacent facets of the icosahedral capsid and is required for stable capsid construction (38). The icosahedral vertices are occupied by pentamers of protein P31 that are associated with the trimeric P5
protein and the receptor-binding protein P2 to form flexible spikes (39) . In the case Using a recombinant ASFV that inducibly expresses protein pB438L, we found that this structural protein is essential for the formation of infectious virus particles. In the absence of protein pB438L, no viral icosahedral particles were observed within the infected cells by electron microscopy analysis. Instead, large aberrant tubular structures of viral origin, as well as bilobulate forms, were generated (see diagrams in Fig. 8 ). The filamentous structures appeared to be covered by a capsid-like layer, which, however, did not present an icosahedral morphology. This layer was shown to contain the two capsid proteins described so far, namely the major capsid protein, p72 and protein pE120R, which is implicated in the movement of the particle from the viral factory to the budding sites at the plasma membrane (7). Indeed, this capsid is to some extent functional, as the filamentous structures can move from the virus assembly sites to the plasma membrane and exit the cell by budding. The tubules also possess an inner envelope, containing the viral protein p17, as well as an internal domain structurally similar to the core-shell of the normal icosahedral particle. However, the core-shell of the aberrant particles contains the two polyproteins pp220 and pp62 in an unprocessed state and does not therefore undergo the maturational event involving the proteolytic processing. A central electron-translucent channel lacking the viral DNA is found inside the tubular structures. In summary, our results indicate that, in
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the absence of protein pB438L, the viral capsid can not acquire its icosahedral form which leads to the generation of tubules with an anomalous capsid-like layer.
The other anomalous structure generated under restrictive conditions, the bilobulate forms, present in cross-sections several layers resembling the domains of a developing normal particle. These aberrant forms are, like the tubular structures, massively translocated by budding into the lumen of intracellular vesicles and can apparently establish contacts with the plasma membrane. On the other hand, the morphological similarity observed in cross-sections between the tubular and bilobulate forms (see Fig. 6D ), together with the fact that the diameter of the lobules is the same as that of the tubules, suggest a morphogenetic relationship between the two structures.
The ASFV aberrant filamentous particles show a striking morphological resemblance with members of the Filoviridae family, such as Marburg and Ebola viruses (33, 42) . Even the dimensions of the Marburg and Ebola filamentous virions, with a length of several micrometers and a diameter of 80 nm, as well as the width of the axial space (20 nm) are very similar to those of the ASFV tubules described here. This is particularly intriguing given the differences in domain organization and protein composition between the filoviruses and the ASFV filiform particles. The generation of ASFV tubules with the morphology and dimensions of the filovirus particles may reflect the existence of common architectural constraints in the construction of both kinds of particles, which, in the case of ASFV, would be imposed when the capsid layer, due to the absence of protein pB438L, can not acquire its icosahedral simmetry.
It has been reported that the ASFV internal domains are not necessary for the correct assembly of the icosahedral capsid, since in the absence of polyprotein pp220, and hence of the core domain, empty, icosahedral particles consisting only of the inner envelope and the capsid are formed (5). In our view, this suggests that the failure to correctly assemble an icosahedral capsid in the absence of protein pB438L is related to a defect in one of the two external domains, the inner envelope or the capsid. The fact that protein pB438L has been shown to be membrane-associated further supports a localization at these sites. Formation of aberrant tubular structures has been reported before in infections with other related icosahedral viruses, such as the Iridovirus Marine Worm Nereis diversicolor (19) . In the case of icosahedral viruses, it has been proposed that structures with tubular morphology may arise from the loss of the pentameric capsomers (or "pentasymmetrons") (47) . The fact that, in the absence of protein pB438L, the viral particles generated possess a tubular structure in which the icosahedral symmetry is lost suggests that the formation of the capsid pentasymmetrons might be compromised under these circumstances.
Our findings underscore the fact that a single viral protein, pB438L, can direct the morphogenetic process of ASFV towards the construction of an icosahedral capsid instead of a tubular structure. The elucidation of the mechanism by which protein pB438L accomplishes this will require a better knowledge of the organization and protein composition of the external domains of the virus particle. Polyprotein processing was analyzed by immunoblotting with antibodies against polyprotein pp220 and its mature products p150 and p37, and polyprotein pp62
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and its mature product p35 in the extracts used in the experiment of Figure 2B . 
A C C E P T E D
on December 21, 2017 by guest
